Arterial wave reflections (AWRs), an important determinant of cardiac afterload, are increased in hemodialysis patients. However, an association between AWRs and left ventricular hypertrophy has not been established in these subjects. We therefore sought an association between these two parameters in a cross-sectional study of two outpatient hemodialysis populations. AWRs were quantified (augmentation index, percent) as the ratio of the height of the late systolic peak to the total height of the carotid pulse wave recorded with a micromanometer-tipped probe. AWRs were determined in 44 hemodialysis patients, 22 with pronounced AWRs (group A: augmentation index >12%), and 22 with small or moderate AWRs (group B: augmentation index <12%). The groups were matched for age, sex, blood pressure, and hemodialysis duration. Left ventricular size was determined by echocardiography. Despite lower body size (P<.005) and similar blood pressure, cardiac output, peripheral resistance, and aortic pulse wave velocity, group A patients had greater left ventricular mass (P<.01). For the population as a whole, left ventricular mass and AWRs were positively correlated (P<.0001) independent of age, blood pressure, hemodialysis duration, or body size. Lesser body height was the principal factor associated with increased AWRs in group A (P<.001). We conclude that in hemodialysis patients AWRs are associated with the development of left ventricular hypertrophy and that small body height is a risk factor for long-term cardiovascular complications. 13 Both nonhemodynamic factors and hemodynamic alterations due to chronic flow and pressure overload play a role in LVH development in these patients. 13 Even though hypertension is held responsible for such a high prevalence, LVH develops and progresses with time on hemodialysis and is only loosely correlated with blood pressure (BP) level, at least as reflected by usual BP measurements. 13 However, systolic BP (SBP) and diastolic BP (DBP) are merely the limits of BP fluctuation during the cardiac cycle and not the best expression of the load against which the left ventricle must work. Indeed, SBP in the left ventricle or aorta is also determined by ventricular ejection and to a degree is dependent on preload.
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Arterial wave reflections (AWRs), an important determinant of cardiac afterload, are increased in hemodialysis patients. However, an association between AWRs and left ventricular hypertrophy has not been established in these subjects. We therefore sought an association between these two parameters in a cross-sectional study of two outpatient hemodialysis populations. AWRs were quantified (augmentation index, percent) as the ratio of the height of the late systolic peak to the total height of the carotid pulse wave recorded with a micromanometer-tipped probe. AWRs were determined in 44 hemodialysis patients, 22 with pronounced AWRs (group A: augmentation index >12%), and 22 with small or moderate AWRs (group B: augmentation index <12%). The groups were matched for age, sex, blood pressure, and hemodialysis duration. Left ventricular size was determined by echocardiography. Despite lower body size (P<.005) and similar blood pressure, cardiac output, peripheral resistance, and aortic pulse wave velocity, group A patients had greater left ventricular mass (P<.01). For the population as a whole, left ventricular mass and AWRs were positively correlated (P<.0001) independent of age, blood pressure, hemodialysis duration, or body size. Lesser body height was the principal factor associated with increased AWRs in group A (P<.001). We conclude that in hemodialysis patients AWRs are associated with the development of left ventricular hypertrophy and that small body height is a risk factor for long-term cardiovascular complications. (Hypertension. 1993^22:876-883.)
KEY WORDS • hypertrophy • tonometry • kidney failure, chronic • uremia L eft ventricular hypertrophy (LVH) develops in a large proportion of patients with end-stage renal disease (ESRD) undergoing long-term maintenance hemodialysis. 13 Both nonhemodynamic factors and hemodynamic alterations due to chronic flow and pressure overload play a role in LVH development in these patients. 13 Even though hypertension is held responsible for such a high prevalence, LVH develops and progresses with time on hemodialysis and is only loosely correlated with blood pressure (BP) level, at least as reflected by usual BP measurements. 13 However, systolic BP (SBP) and diastolic BP (DBP) are merely the limits of BP fluctuation during the cardiac cycle and not the best expression of the load against which the left ventricle must work. Indeed, SBP in the left ventricle or aorta is also determined by ventricular ejection and to a degree is dependent on preload. 4 -5 Aortic input impedance, determined by arteriolar tone, aortic distensibility and diameter, and the intensity and timing of arterial wave reflections (AWRs), provides valuable information concerning the characteristics of the arterial system in accepting pulsatile flow from the heart, independent of ventricular properties. 4 -5 Several determinants of aortic impedance are altered in ESRD patients on maintenance hemodialysis, and decreased aortic distensibility*' 7 and pronounced effect of AWRs 7 have been observed. Decreased aortic distensibility has also been found to be associated with the extent of LVH in ESRD. 6 The purpose of this study was to assess the possibility that early AWRs, which contribute significantly to ventricular afterload, could influence the development of LVH and cardiac dysfunction in ESRD patients on hemodialysis.
Methods

Subjects
The study included two groups of 22 stable ESRD patients each: group A was composed of patients with pronounced AWRs and group B of patients with small and moderate AWRs. 8 The groups were matched for sex, age, SBP, DBP, and duration of hemodialysis therapy. Hemodialysis was performed three times a week as previously described. 67 No patient had any evidence of cardiovascular disease. Twenty-four patients treated for hypertension before the commencement of hemodialysis had their BP controlled by hemodialysis only and hence did not require cardiovascular drugs. Fifteen patients received erythropoietin to maintain their prehemodialysis hemoglobin level at greater than 6.2 mmol/L. BP was measured with a mercury sphygmomanometer after patients had been in the supine position for 15 minutes (DBP as phase V of the Korotkoff sounds). Mean BP was determined as DBP+(SBP-DBP)/3. All patients provided written consent for the study, which was approved by our institutional review board.
Echocardiography
Two-dimensionally guided M-mode echocardiography was performed with an HP Sonos 100 (HewlettPackard Co, Evry, France) using a 2.5-and 3.5-MHz transducer. Left ventricular dimensions were measured by two readers according to the recommendations of the American Society of Echocardiography. 9 Left ventricular mass (LVM) was calculated by the Penn convention. 10 Intrareader correlation for LVM was r=.95 for both readers. Interreader correlation for LVM was r=.92 (SD=12 g). LVM index (LVMI) was calculated by dividing LVM by body surface area (LVMI, in grams per square meter) and body height (LVMI, in grams per meter). The fractional shortening (%Sh) was calculated as [(LVDiD-LVSyD)/LVDiD] • 100, where LVDiD is the end-diastolic and LVSyD the end-systolic diameter. The mean velocity of left ventricular fiber shortening was calculated as %Sh/LVET, where LVET is the left ventricular ejection time. Stroke volume was calculated as TVI • irD/4, where TVI is the time velocity integral of left ventricular outflow, and D is the aortic annular diameter measured by echocardiography. Cardiac output was calculated as the product of stroke volume and heart rate. Total peripheral resistance was computed from cardiac output (CO) and mean BP (MBP) as MBPX80/CO.
Arterial Parameters
Arterial pulse wave velocity. Pulse wave velocity (PWV) was determined by the foot-to-foot method.
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Transcutaneous Doppler flow recordings were carried out simultaneously at the carotid and femoral arteries (aortic PWV), the carotid and radial arteries (arm PWV), and the femoral and dorsalis pedis arteries (leg PWV) with a Doppler M842 8MHz (SEGA, Paris, France) and an 8188 Gould recorder (Ballainvilliers, France) at 200 mm/s. PWV values were calculated as the distance between recording sites measured over the corporeal surface divided by the time delay measured between the feet of the flow waves. The variability was 5±3% for aortic PWV, 6±4% for arm PWV, and 5.5±3%forlegPWV. Aortic diameter determination. Aortic diameter was measured above the renal arteries (AoD ren ) and above its bifurcation (AoD w ) with a CGR Sonel 300 (Compagnie Gen6rale de Radiologie, St Cloud, France) using 3-MHz transducers. Measurements were performed by two blinded observers. The interobserver correlation was r=.92 (SD=0.4 mm for AoD^, and 0.3 mm for AoD w ).
Arterial wave reflections. The effect and timing of AWRs were measured noninvasively by applanation tonometry as previously described. 71215 The carotid pulse pressure (PP) wave was recorded with a highfidelity strain-gauge transducer (SPT-301, Millar Instruments Inc, Houston, Tex) internally calibrated (1 mV=l mm Hg) with a preamplifier (TCB-500, Millar). The carotid pressure wave was analyzed according to Murgo et al. 8 We measured the height of the carotid pressure wave (PP, in millivolts), the height of the shoulder (Pi, in millivolts), and the height above the shoulder (AP) of the late systolic peak (Ppk) (AP=Ppk-Pi, in millivolts) attributable to wave reflection (Fig 1) . The ratio of AP/PP defines an augmentation index (percent).
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The time from the foot of the pressure wave to that of the late systolic peak (Atp) represents the travel time of the pulse wave to peripheral reflecting sites and its return 8 ( Fig 1) . LVET was measured from the foot of the pressure wave to the diastolic incisura. The pressure waveform analysis was performed by two blinded observers. Intraobserver and interobserver correlation was r=.97 and r=.96, respectively, for augmentation index, with an interobserver difference of 4.1±2.5%. Whereas PP and SBP may increase significantly from central to peripheral arteries, mean BP is almost constant in the large arteries. 4 -5 ' 16 The mean BP computed from the carotid pressure waveform, using an HP Sketch Pro Tablet Digitizer (Hewlett-Packard Co, San Diego, Calif) and a Zenith Z-386/25 (Zenith Data System, Nanterre, France), was therefore set equal to the brachial mean BP measured with a sphygmomanometer. Carotid SBP and DBP were estimated, using the calibration built into the Millar system, as the deviations (in millimeters of mercury) from the mean pressure of the carotid pressure waveform.
According to Murgo et al, 8 an increased augmentation index is associated with an enhanced oscillatory impedance spectrum due to increased magnitude of the AWRs. They discerned three subgroups of aortic pressure waveforms according to the magnitude of the by guest on October 2, 2017 http://hyper.ahajournals.org/ augmentation index: type A: Ppk occurs in late systole, with an augmentation index greater than 12% (Fig 1) ; type B: Ppk occurs in late systole, but the augmentation index is less than 12% and greater than zero (not shown); and type C: Ppk precedes Pi, with an augmentation index less than zero (ie, negative) (Fig 1) . The type A wave is related to an arterial system with important reflections; type C is present in systems with small or more diffuse reflections; and type B is present in intermediary situations. 8 In the present study, patients were categorized into two groups. Group A consisted of patients with pronounced AWRs (Murgo's type A wave, 8 with an augmentation index > 12%) and group B of patients with moderate or small AWRs (Murgo's types B and C waves, with an augmentation index <12%). Types B and C waves were pooled, because type C was present in only four patients.
Determination of Arteriovenous Fistula Blood Flow
Arteriovenous fistula blood flow was measured as previously described 
Laboratory Evaluation
Blood samples were assayed by autoanalyzer (RA 1000, Technicon, Dumont, France). High-density lipoprotein cholesterol was determined with the dextransulfate/Mg 2+ precipitation technique, 19 apolipoproteins by electroimmunoassay, 20 and serum parathyroid hormone by radioimmunoassay.
Statistical Analysis
Data are expressed as mean±SD. Comparison between groups was made using the Student's t test. All univariate and stepwise multiple regression analyses were performed for the population as a whole using the least-squares method. The analysis was performed on a Zenith Z-386/25 running NCSS 5.1.
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Results
Study Populations
Characteristics of the two groups are presented in Tables 1 and 2 
Echocardiographic Measurements
Echocardiographic results are shown in Table 3 . 22 ' 23 Using these cutoff points, LVH was present in all group A patients and in 17 of the 22 group B patients. Stroke volume, cardiac output, and total peripheral resistance were similar in the two groups whether expressed in absolute values ( 3 • m 2 in group B). Fractional shortening was similar in the two groups, and the mean velocity of fiber shortening was increased in group B patients (P=.01).
Arterial Parameters
Arterial parameters are presented in Table 4 . Carotid PP amplitude, PWV values, and aortic diameters were similar in the two groups. In group A, the early systolic peak Pi was decreased (48.6±10.1 versus 57.2±13.7 mV, P<.02) and AP increased (19.7+12.5 versus 3.8±4.8 mV, P<.0001). The augmentation index was increased in group A (28.9±9.9% versus 5.6±8.1%, P<.0001) and was inversely related to body surface area (r= -.521, P<.001) in relation to body height (r=-.500, P<.001) (Fig 2) . The Atp was shorter in group A (116±16 versus 134±19 milliseconds, P<.001), with an increased LVET (/><.005) and LVET/Atp ratio (2.80±0.64 versus 2.23±0.34, P< .001). The early return of AWRs in group A was associated with a lesser peripheral pressure amplification, and brachial and carotid SBP were almost equal. In group B, the relatively delayed return of AWRs to central arteries was associated with an amplification of brachial artery SBP compared with carotid artery SBP. Heart period (RR) was similar in the two groups, with an increased RR/Atp ratio in group A patients (7.7±1.8 versus 6.4±1.2, P<.0l). The Atp was related to height (r=.512, P<.001) and aortic PWV (r= -.551, P<.0005).
Relation of Left Ventricular Mass and Function to Arterial Wave Reflections
Univariate correlation studies showed that LVM was correlated with body height (P< .005), body surface area (P<.05), SBP (P<.00l), augmentation index (P<.0001), and stroke volume (/ > <.001). LVM was not correlated with DBP or age. Multivariate correlation analyses showed that the augmentation index was an indepen- dent predictor of LVM, along with stroke volume, body height, and SBP (Table 5) . Grouped together, hemodynamic factors accounted for 79.5% of the variance in LVM. The correlation between the augmentation index and LVMI is shown in Fig 3. The augmentation index was correlated positively with LVET (/ > <.001) and negatively with fractional shortening (P<.02) and mean velocity of fiber shortening (P<.0001) ( Table 6 , Fig 4) .
Discussion
The present study documents the existence of a significant relation between early AWRs and LVH in ESRD patients on long-term hemodialysis. The AWRs alter LVH independently of other factors known to influence cardiac structure in ESRD patients.
In ESRD patients, anemia, arteriovenous fistula, and overhydration induce volume overload with increased cardiac output, 24 cardiac work, and LVH. 13 In the present study, volume load factors (arteriovenous fistula flow, anemia) were similar in the two groups and could not account for the difference in LVM.
In ESRD patients, LVM has been reported to be weakly related to BP 1 -2 - 25 and more closely related to SBP or PP amplitude. 13 In the present study, carotid SBP and PP were similar in the two groups. Nevertheless, SBP and PP are influenced by the pattern of left ventricular ejection (and hence also by volume overload) and properties of the vascular system per se. Thus, the same SBP or PP can result from different alterations within the system, including different interplays between early and late systolic peaks, ie, different interplays between incident and reflected pressure waves.
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In group A patients, the carotid PP was characterized by a significant increase in the late systolic peak (AP) due to early AWRs from the arterial tree. 8 In group B patients, the carotid PP was determined principally by the amplitude of the early systolic peak (Pi), whereas the effect of any reflected wave or waves was less marked. The amplitude of Pi is influenced by the stiffness of the arterial system and the left ventricular ejection pattern. 4 -5 As the aortic PWV was similar in the two groups, the higher Pi in group B could be due to a different pattern of left ventricular ejection with shorter LVET and increased velocity of fiber shortening.
Aortic input impedance, determined by peripheral resistance, aortic distensibility and diameter, and the timing and amplitude of AWRs, is an important component of left ventricular afterload. creased in patients with pronounced AWRs, despite similar PP, peripheral resistance, and aortic distensibility and diameter. In multivariate analyses, the relation between LVM and the augmentation index remained significant after all other factors influencing the cardiac mass were taken into account. Early AWRs not only increase the peak and mean aortic systolic pressures but also the end-systolic pressure when the ventricular volume is low and cannot be substantially decreased. This produces a quite inappropriate increase in end-systolic stress, with increased LVET, decreased fractional shortening, and diminished cardiac efficiency. 27 Increased LVET alters the timing of AWRs and the LVET/Atp ratio was higher in group A. Early return of AWRs (short Atp) is characteristic of a frequency shift of the first minimum of impedance modulus (^= 1 / ( 2 • Atp]) 8 to higher frequencies. The coupling of left ventricular ejection to its hydraulic load would be optimized when the lower harmonics of the flow wave (corresponding to heart frequency) occur close to the frequency of the minimum of impedance modulus (fmin).
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- 28 For the maintenance of optimal ventricular/vascular coupling, a shorter Atp should be paralleled by a shorter heart period and increased heart frequency, as occurs in small mammals. In group A, the RR/Atp ratio was increased, suggesting an alteration of ventricular/vascular coupling.
The amplitude of AWRs depends on the dispersion and intensity of wave reflections and is determined by (1) the resting arteriolar tone and peripheral resistance, (2) the distensibility and geometric discontinuity of successive arterial segments, and (3) body height and shape. Wave reflection timing depends on arterial distensibility (determinant of the wave velocity) and body size (determinant of the distance of the reflecting sites).
The absolute amplitude of reflected waves and the "reflection coefficient" cannot be measured by the methods used in the present study, and the relative influence of the amplitude and timing of AWRs on the augmentation index is difficult to analyze. Peripheral resistance was similar in the two groups of patients and cannot be held responsible for the increased AWRs in group A. Furthermore, total peripheral resistance was low because of anemia and the arteriovenous fistula, factors that tend to diminish the intensity of AWRs in ESRD patients. 7 Anemia correction or arteriovenous fistula occlusion increases peripheral resistance, 24 favoring an increase of reflections. and AWRs. Aortic PWV increases with age and is the principal factor associated with the age-related changes in carotid pressure wave morphology and amplitude.
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Arterial PWV and aortic diameters, which are determinants of characteristic impedance, 4 -5 were also similar in the two groups and could not account for observed differences in cardiac function.
The increased augmentation index in group A was partly due to the earlier return of reflected waves, characterized by shorter Atp. As the arterial PWV values were similar in the two groups, the shorter Atp in group A was due to the smaller distance to reflecting sites, principally in relation to lesser body height (Fig 2) . significant discrete reflection point located in the aortic region of either the celiac trunk or the renal arteries. 29 The structural and geometric discontinuity of the aorta in this region can give rise to reflection that is added to the diffuse reflections from multiple peripheral branchings in the vascular bed. 29 In smaller subjects the distance to reflecting sites is shorter, with lesser dispersion of pressure waves and shorter Atp (unless compensated by higher distensibility and slower PWV). For the maintenance of a given timing of incident and reflected pressure waves in the presence of short Atp, the LVET (and heart period) should shorten. This was not observed in the present study, the LVET/Atp (and RR/ Atp) ratio being increased in group A patients.
Growth retardation is a frequent consequence of the hormonal, metabolic, and nutritional changes of ESRD and is frequently observed in azotemic children and adults with nephropathies starting in childhood. Nevertheless, the influence of body height on the effect of wave reflection on the carotid pulse waveform and amplitude has also been described in a normal population. 31 - 32 Moreover, several epidemiologic studies in general populations have indicated that poor nutrition and impairement in growth during critical periods of early life are associated with increased rates of cardiovascular diseases in adulthood. 33 - 34 On the other hand, it also has been shown that low body height is an independent risk factor for myocardial infarction in men, 3537 but whether this could be linked to LVH and altered coronary perfusion associated with early AWRs 4 -5 -12 remains to be studied. In conclusion, the present study shows that the LVH in ESRD patients is influenced by the effect of AWRs. Growth retardation and low body height are associated with early AWRs and could be risks for the development of cardiovascular complications in ESRD patients. Delaying or reducing wave reflections would be a logical strategy in the management of cardiac alterations in hemodialysis patients. Attention should be directed toward the effects of treatments that correct the growth retardation, improve arterial compliance, and reduce wave reflections. With regard to this latter point, applanation tonometry now provides the possibility of monitoring the effects of drugs on the consequences of AWRs.
